Integrated Stokes parameters are used to describe solitonlike pulse propagation and its state of polarization in birefringent optical fibers. A qualitative analysis on the Poincare sphere is developed to describe the evolution of the state of polarization of the soliton as a whole. Simple analytic equations describing the pulse evolution are derived in the approximation of the average profile. It is shown that two qualitatively different regimes of propagation are possible, depending on the material parameters and on the initial conditions. The approach takes into account the radiation processes. The results of the analytical approach are compared with exact numerical calculations.
I. INTRODUCTION The propagation of solitonlike pulses in birefringent optical fibers has been the subject of intensive investigations during recent years [1 -10] . Birefringence in optical fibers can be induced deliberately or can be residual due to imperfections in the drawing process. In both cases the birefringence must be taken into account when considering pulse propagation along the fiber. It was shown by Evangelides et al. [3] that the same state of polarization applies to the soliton as a whole. The averaging of the residual birefringence, due to random variation in the principal axes, has also been considered in [3] using the Stokes-parameter formalism. In this paper we are interested in the details of pulse propagation in regular polarization-maintaining fibers to clear up basic processes of propagation.
The Stokes-parameter formalism was first shown to be an appropriate method to study the nonlinear two-core fiber by Daino, Gregory, and Wabnitz [11] .They considered the coupler response to continuous waves (cw) when the dynamical system has a finite number of degrees of freedom. Then the classical theory of dynamical systems can be applied to the problem to make qualitative analysis of solutions on a two-dimensional surface (Poincare sphere). The use of the Stokes parameters to study' the propagation of solitons in fibers has been considered by Evangelides et al. [3] . In the case of pulse propagation, the dynamical system has an infinite number of degrees of freedom, and full analysis has to be done in an infinite-dimensional phase space. However, in the case of solitonlike pulses, the approximation of the average profile can be applied to the problem. We show that, in this special approximation, an equation for the differential soliton Stokes parameters can be reduced to equations for integrated Stokes parameters, and the whole problem can be reduced to a dynamical system with a finite number of degrees of freedom. This allows us to consider solutions of the system as trajectories on the Poincare sphere.
The approximation of the average profile is a consequence of the Hamiltonian structure of the initial equations. In fact, the effect of the fiber birefringence can be considered as a Hamiltonian perturbation to a single nonlinear Schrodinger equation (NLSE) . This means that, in the first place, solitons are robust relative to this perturbation, and that the changes birefringence causes to the whole. The results of this analysis are presented as closed trajectories on the Poincare sphere.
Another important effect which we take into account in our analysis is the radiation of small amplitude waves by solitons during the propagation along the Sber. Radiation emission is a general property of nonintegrable systems, and it accompanies the solitonlike pulse propagation. One of its origins resides in the higher order dispersion of the fiber [13] . The radiation originated in this way (which can be described by the theory "beyond all orders" [14] ) is usually negligible and can be ignored.
Another reason for radiation is the osciHatory behavior of the solitonlike pulse itself. The intensity of this radiation is much higher, and it depends on the amplitude of the oscillations. Therefore, although the dynamical system which we describe is Hamiltonian, there could be losses of energy from the leading pulse. This effect influences the propagation dynamics of the pulse in general and its state of polarization in particular. The influence of the radiation is also described qualitatively in our theory.
If the initial conditions are not solitons but pulses of a general form, they are either dispersed on propagation (if the pulse amplitude is smaller than half of that corresponding to the fundamental soliton [15] ) or broken up, leaving most of the energy in a few highly compressed single solitons if the initial signal is a multisoliton pulse [2] . Dispersed radiation does not carry information and can be ignored. In the case of a multisoliton pulse, our analysis is applicable to each solitonlike pulse produced after the breakup of a multisoliton pulse. For simplicity we assume that the pulses are well separated.
II. STATEMENT OF THE PROBLEM
Pulse propagation in a birefringent optical fiber can be described in terms of two coupled nonlinear Schrodinger equations. In a reference frame traveling along the z axis with the common group velocity, this set of equations is of the form [3] iU~+pU+ , 'U" [6] . The set of equations (1) has been studied extensively in plasma theory. Some exact results are presented in [16, 17] . The particular case for A = 1, p=O is integrable {using the inverse scattering method [18] ).
The set of equations (1) has at least two integrals, the action (total energy of the pulse) Q= j" {IUI'+ I VI'}«, and the Hamiltonian U2 y2+i U 2+ y 2 --, '(IUI'+ I vl') -A I Ul'I vl' -(1 A-)(U'V" + U" V')]dr (2) (3)
Equations (6) can now be written in a canonical form [19, 20] (4) &2(q+P) cosh[&2(q+P)r] (8) In the absence of linear birefringence (P=O) or nonlinear birefringence (A =1), the pulses (7) and (8) degenerate into a soliton of a single NLSE, "2+ "Z cosh(&2q~) (9) This solution can be linearly polarized along any direction in the (u, v ) plane.
The solutions (7) and (8) can be conveniently represented on the energy-dispersion diagram [see Fig. 1 (6) where q is the soliton parameter, 2n /q is proportional to the soliton period, and 2&2q is proportional to the energy of a soliton.
Equations (6) have two simple stationary solutions, viz. , linearly polarized soliton waves along the slow axis, =0, &2(q -8} (7) cosh[&2(q -P)r] and linearly polarized soliton waves along the fast axis, [3] All these four parameters are real functions of g and r [2] . We have numerically calculated the perturbation growth rates at A = 3 using the technique described in [22] . The results are represented in Fig. 1(b) . The perturbation with the largest growth rate has a real eigenvalue for q/p) 1 
where f(r) is a real function defining the common average (constant) profiles and X(g) and Y(g) are complex
amplitudes. The approximation can be improved greatly by adding new terms in (12) , but this is beyond the scope of this paper. Equations (11) 
and g, the nonlinear birefringent coefficient, is defined by
The nonlinear beat length L"& is proportional to this coefficient: L~= n /g The value of g . depends on the soliton parameter q as well as on A. To estimate roughly the dependence on q we calculate g using the average pulse shape (9) . In this case g= -', q(1 -A . From now on, we shall call it the evolution parameter. The convenience of the evolution parameter (in contrast to the Hamiltonian) is that it is constant along the energy-dispersion curves for fast and slow solitons in Fig. 1(a) . We can conclude preliminarily that the same value of W corresponds to the same type of solution for different sohton parameters q.
Let us choose as initial conditions one of the linearly polarized solitons given by Eqs. (7) or (8 Fig. 3(b Fig. 1 (b}. This instability is related to the oscillations of the pulse shape during propagation, and radiation due to these oscillations. It cannot be described using our simple approximation.
In the small range 
Any energy losses from a given solitonlike pulse can be associated with a decrease of q and Q. Obviously, in the presence of radiation, a representative point in Fig. 1(a) can move only downwards, decreasing 8'. For an infinite length of propagation the result of this tendency will be the convergence of any initial condition to a slow mode because the slow mode has the lowest energy at given q. From our numerical simulations, we have found that the rate of this process depends on P/g and is negligible for P/g « 1 (or q/P~ao). It becomes considerable when P and g are comparable.
As a consequence, a trajectory starting at any point of the Poincare sphere will tend, on the average, to reduce its 8' value. If this process is slow, the trajectories will slide from one closed loop in Fig. 3 Fig. 1(a) ], for a fixed P we associate a given energy Q to a soliton state with a specified propagation constant q. At any given q the energy can change from the value for the slow soliton, Q, =2&2(q -P), to the value for the fast soliton, Qf =2&2(q+P). On the other hand, the second integral W is equal to -So for the slow soliton and +So for the fast soliton. At any fixed q, the second integral monotonically decreases from the upper curve to the lower one.
In our simple analysis we can consider the second integral as being roughly linearly proportional to the ener- 
where the integration must cover the whole pulse but nothing else, to eliminate the inhuence of the radiation around the pulse. For cases when the shape does not change, S, in this definition is equal to S; defined by (14) . 
